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Role of Drosophila a-Adaptin in Presynaptic
Vesicle Recycling
Marcos GonzaÂ lez-GaitaÂ n and Herbert JaÈ ckle and Carpenter, 1993; Nesterov et al., 1995) including
synaptotagmin (Zhang et al., 1994), a transmembraneMax-Planck-Institut fuÈ r biophysikalische
protein that controls the Ca21-dependent membrane fu-Chemie
sion during exocytosis (Brose et al., 1992). Synaptotag-Abt. Molekulare Entwicklungsbiologie
min interaction with AP2 is consistent with its proposedAm Fassberg, D-37077 GoÈ ttingen
function during endocytosis, which is based on a synap-Germany
totagmin endocytotic mutant phenotype (Jorgensen et
al., 1995; see also Fukuda et al., 1995). This would argue
that synaptotagmin plays a dual role in the vesicle cycleSummary
by acting in the final step of exocytosis and the initial
step of endocytosis, thereby coupling the twoprocessesRapid flow of information in the nervous system in-
at the plasma membrane (SuÈ dhof, 1995). Once recruitedvolves presynaptic vesicle recycling by clathrin-medi-
to the inner surface of the plasma membrane, AP2 isated endocytosis, an event triggered by the a-adaptin-
likely to initiate the formation of clathrin-coated pits bycontaining AP2 complex. We identified a Drosophila
triggering the assembly of clathrin triskelion subunitsa-adaptin expressed in the garland cells, imaginal
into a polygonal lattice that causes a bending of thediscs, and the CNS. Here we show its role in pre-
membrane into the coated pit structure (Zaremba andsynaptic vesicle recycling. In presynaptic terminals,
Keen, 1983; Heuser and Keen, 1988; Mahaffey et al.,a-adaptin defines a network-like membrane structure
1990). Clathrin-coated pits detach from the plasma-to which the GTPase dynamin is recruited. a-adaptin
lemma by a GTP-dependent fission reaction that is me-is necessary for the formation of clathrin-coated pits
diated by the GTPase dynamin, and the resulting coatedand participates in the dynamin-dependent release of
membrane vesicles become internalized (Koenig andcoated vesicles from the membrane surface. Our re-
Ikeda, 1989; Herskovits et al., 1993; Schmid, 1993; vansults suggest an a-adaptin-dependent control of the
der Bliek et al., 1993; Hinshaw and Schmid, 1995; Takeivesicle cycle that maintains the balance between
et al., 1995). Dynamin was shown to bind the AP2 com-the amount of vesicle- and surface-associated mem-
plex in vitro (Wang et al., 1995), to form a collar-likebranes.
structure around the neck of the pit (Hinshaw and
Schmid, 1995), and to be functionally required for the
Introduction detachment of the clathrin-coated vesicles from the
membrane (Koenig and Ikeda, 1989). After internaliza-
Synaptic transmission requires the repeated release of tion, the clathrin-coated vesicles shed their coats, a
neurotransmitters at high frequency at the nerve termi- process that involves a number of proteins, including
nal. Our current understanding of this rapid communica- auxilin, Hsp-70, and the cystein string protein (CSP),
tion process between the nerve cells and their targets which may function in a chaperone-like manner to unfold
is primarily based on the biochemistry of the synaptic the clathrin lattice at the outer surface (reviewed in SuÈd-
vesicles, protein±protein interaction studies, structural hof, 1995; De Camilli and Takei, 1996).
analyses, electrophysiology, and imaging (reviewed by While there is little doubt that synaptic vesicle mem-
SuÈ dhof, 1995). These studies suggest that the repeated branes are endocytosed by clathrin-coated vesicles
release of transmitters involves a synaptic vesicle cycle (Heuser and Reese, 1973; Maycox et al., 1992), it remains
that includes the formation of neurotransmitter-filled to be established whether this pathway is essential for
vesicles, the release of the neurotransmitter by exo- synaptic transmission. The most direct evidence is de-
cytosis, recycling of both the membrane and the release rived from an analysis of the only endocytotic mutant
machinery by endocytosis, and, finally, the regeneration isolated to date, the Drosophila mutant shibire (shi),
of vesicles that undergo a new round of exocytosis/ which affects the gene coding for dynamin (Chen et al.,
endocytosis. Each step of the vesicle cycle involves a 1991; van der Bliek and Meyerowitz, 1991). In a tempera-
number of identified components, and their assembly ture-sensitive shi mutant, animals develop normally at
is likely to be mediated by distinct protein±protein inter- the permissive temperature. At the restrictive tempera-
actions (reviewed in SuÈdhof, 1995). ture, however, release of transmitter ceases, leading to
While recent studies have focused on the proteins rapid paralysis (Grigliatti et al., 1973; Ramaswami et
involved in exocytosis, it is not clear whether (or to al., 1993). Examination of the shi mutant phenotype by
what extent) the vesicle membrane recycles via clathrin- electron microscopy indicated that endocytosis is nor-
coated vesicles, or whether the membrane is directly mally initiated and clathrin-coated pits are formed but
retrieved by a fast endocytotic process (reviewed in remain trapped in the collared pit stage (Kosaka and
Almers, 1994). Biochemical studies lead to the proposal Ikeda, 1983a, 1983b; Koenig and Ikeda, 1989). Thus,
that the AP2 complex, a heterotetramer containing vesicle recycling and, consequently, transmitter release
a-adaptin, plays an essential role in orchestrating differ- are blocked when the function of dynamin is impaired
ent steps of endocytosis at the synapse (Robinson, (Koenig et al., 1983; Ramaswami et al., 1994).
1994; De Camilli and Takei, 1996). AP2 is able to bind to In the present study, we have used mutations in a
the cytoplasmic tail of a number of membrane receptors Drosophila a-Adaptin gene (D-aAda) to study recycling
of synaptic vesicles. The gene is expressed in the central(Beltzer and Spiess, 1991; Chang et al., 1993; Sorkin
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to the P element insertion site and constructed a geno-
mic walk (see Experimental Procedures) encompassing
the region that turned out to be the D-aAda transcription
unit (see below). Northern blot analysis with polyA1 RNA
of embryos and adults revealed that D-aAda codes for
two transcripts of about 4.8 and 6.3 kb (Figure 1B). Both
transcripts appear with similar intensities in the polyA1
RNA of embryos, while in adults, the smaller transcript
appears to be enriched over the longer one.
From a library prepared from polyA1 RNA of 0- to 18-
hr-old embryos, we isolated a 4.8 kb cDNA that is likely
to represent a full-size cDNA of the smaller transcript.
Northern blots with cDNA fragments indicated that the
two transcripts share the leader region and the open
reading frame (see below). We mapped the physical
extent of the smaller transcript by hybridization of the
cDNA clone within thewalk and by sequencing thecDNA
and relevant portions of the genomic DNA flanking the
Figure 1. Molecular Characterization of the Drosophila a-Adaptin exon/intron boundaries. The genomic organization is
Gene summarized in Figure 1C.
(A) In situ hybridization using the 4.8 kb lzap cDNA as a probe to Conceptual translation of the single open reading
salivary gland chromosomes indicating that D-aAdaptin is located frame revealed a 940 amino acid homolog of vertebrate
in the cytogenetic interval 21C1-2 at the left arm of the second
a-adaptins (Figure 2). Overall, the Drosophila a-adaptinchromosome.
shows 70% and 66% amino acid identity to vertebrate(B) Northern blot analysis with polyA1 RNA from 0- to 18-hr-old
a-adaptin-C and a-adaptin-A, respectively (Robinson,embryos (Em) and adults (Ad) using the cDNA as a probe, indicating
that D-aAdaptin codes for two transcripts (4.8 and 6.3 kb), which 1989). a-adaptins are composed of characteristic re-
are present both in embryos and adults. Both transcripts were also gions that include the N-terminal head domain, the flexi-
detected with a probe encompassing exon 1 and 2 (data not shown). ble hinge domain, and the ear domain (Figure 2; see
Thus, they share the exons deleted in the D-aAda3 mutation. The
Robinson, 1994, for a review). The sequence similaritytwo transcripts can also be found in third instar larvae (data not
between Drosophila a-adaptin and the vertebrate homo-shown).
logs is more pronounced in the head domain than in the(C) Genomic organization and molecular characterization of the
D-aAdaptin mutants. Locations of intronic sequences correspond- hinge or ear domains, as has been observed among the
ing to the smaller 4.8 kb transcript are shown. Solid bar indicates different vertebrate homologs (Figure 2).
the open reading frame of the transcript. P element insertion in the In situ hybridization of D-aAda cDNA to preparations
first exon (at position 81 of the 4.8 kb transcript, as determined by
of staged whole-mounted embryos indicates that thesequencing) and the extent of DNA deletions caused by imprecise
detection of D-aAda expression is restricted to the CNSexcisions of the P element (determined by genomic Southern blot
and garland cells (Figure 3A). In the larvae, D-aAda ex-analysis of the mutants) are indicated. The resulting mutant alleles
D-aAda1, D-aAda2, and D-aAda3 are described in the text. B refers pression is also found in the developing imaginal discs
to BglII; K, KpnI; A, ApaI; N, NheI. (data not shown). Next, we performed high resolution
confocal microscopy using antibodies directed against
Drosophila a-adaptin (see Experimental Procedures).
nervous system (CNS) and, in addition, in the garland a-adaptin is localized to the plasma membrane of the
cells and the imaginal discs. At the larval neuromuscular presynapses; no antibody staining of axons or the soma
junction, synaptic vesicle recycling is impaired in weak of neurons was observed (Figures 3B±3F). In summary,
a-Ada mutants and blocked in a-adaptin-deficient em- the results obtained with both in situ hybridization and
bryos. a-adaptin is confined to areas of the presynaptic antibody detection consistently argue that D-aAda ex-
plasma membrane that are distinct from the sites con- pression is highly enriched if not restricted to few loca-
taining the active zones of exocytosis. Furthermore, we tions in developing embryos and larvae.
show that a-adaptin is required for the recruitment of
dynamin to the endocytotic sites. Impaired Movements in D-aAda Mutants
The P element insertion of the l(2)06694 enhancer trap
Results line interrupts the first exon of the D-aAda gene and
thereby causes the mutant D-aAda1 allele (Figure 1C).
Identification and Expression of the Drosophila Embryos homozygous for this allele develop into slowly
a-Adaptin Gene moving larvae that die as pupae. Excision of the P ele-
Cloning of D-aAda was initiated through a P element ment resulted in normal adults, indicating that the inser-
enhancer trap insertion (Spradling collection; Spradling tion had indeed caused the lethal phenotype. In addition,
et al., 1995) found in a screen for genes expressed in two imprecise excisions of the P element were obtained.
the embryonic nervous system (J. P. Forjanic et al., sub- The first imprecise excision caused an internal deletion
mitted). The corresponding P element maps to cytologi- of P element sequences (Figure 1C) that weakens the
cal position 21C1-2 (Figure 1A) on the left arm of the phenotype. Embryos homozygous for the correspond-
second chromosome (l(2)06694; Karpen and Spradling, ing D-aAda2 allele develop into normal-looking adults
that are unable to fly or walk.1992). We identified a genomic DNA fragment adjacent
Role of a-Adaptin
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Figure 2. Sequence of Drosophila a-Adaptin
and Comparison with the Vertebrate Ho-
mologs
D-aAda refers to Drosophila a-Adaptin;
M-aAda-C, mouse a-Adaptin-C; R-aAda-C,
rat a-adaptin-C; M-aAda-A, mouse a-adap-
tin-A. Numbers above the sequence denote
the position of the seven introns within the
open reading frame. The regions correspond-
ing to the head, hinge, and ear domains are
indicated by empty, solid, and dotted lines
above the sequence, respectively. Sequence
identity between Drosophila a-Adaptin and
its vertebrate homologs is highest in the head
(aAda-C, 82% similarity; aAda-A, 80%), inter-
mediate in the ear (55%), and lowest in the
hinge domain (aAda-C, 36%; aAda-A, 11%).
The second imprecise excision, giving rise to the neuromuscular innervation pattern, isnot affected bythe
lack of a-adaptin (Figures 4A±4C). Muscle contractions,D-aAda3 allele, is a deletion encompassing nontran-
scribed upstream sequences, the two first introns, and however, occur only sporadically, and the larvae fail to
hatch from the egg shell. The results therefore suggestthe N-terminal region of the protein encoded by both
D-aAda transcripts (Figure 1C). Homozygous D-aAda3 that D-aAda is not involved in morphological aspects
of neurogenesis but concerns physiological aspects ofembryos develop the most severe phenotype, since they
die before hatching. Furthermore, embryos that contain neuron function, such as the proposed role for a-adaptin
in synaptic transmission at the nerve terminals. In ordera deletion of the D-aAda gene (Df(2L)al) in trans to the
D-aAda3-bearing chromosome show all aspects of the to examine whether and at which step mutant a-adaptin
interferes with synaptic vesicle recycling, we appliedhomozygous D-aAda3 mutant phenotype (see below),
and both Df(2L)al/D-aAda1 and D-aAda3/D-aAda1 die the FM1-43 assay to neuromuscular junctions of larvae
(Betz et al., 1992; Ramaswami et al., 1994) and examinedduring the same early larval stage. These observations
and the molecular lesion indicate that the D-aAda3 muta- the synaptic ultrastructure of embryos by electron mi-
croscopy.tion is a lack-of-function allele of the locus.
The FM1-43 assay is based on the ability of the fluo-
rescent FM1-43 dye to intercalate into presynapticImpaired Synaptic Vesicle Recycling
in D-aAda Mutants membranes of larval neuromuscular junctions. After a
labeling pulse, the fluorescent dye can be washed off,a-adaptin-deficient embryos develop into normal-look-
ing first instar larvae.As shown by the normalexpression provided that the FM1-43-loaded presynaptic mem-
branes were not already internalized by endocytosispatterns of the neural markers fasciclin II (Grenningloh
et al., 1991) and repo (Halter et al.,1995), the architecture (Betz et al., 1992). Thus, this assay can be taken to
monitor whether endocytotic events in the presynapticof the nervous system of these embryos, including the
Cell
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Figure 3. D-aAdaptin Embryonic Expression Pattern and Localiza-
tion of the Protein in Larval Motoneurons
(A) Whole-mount RNA in situ hybridization of a stage 17 embryo
(stage according to Campos-Ortega and Hartenstein, 1985) using
the cDNA as a probe. The transcript is restricted to the embryonic Figure 4. Drosophila a-Adaptin-Deficient Embryos Develop a Nor-
brain (br) and the ventral cord (vc) of the CNS. Staining can also be mal CNS
detected in the garland cells (gc) around the proventriculus. No (A) Ventral view of a stage 17 D-aAda3 mutant embryo stained with
other location of D-aAdaptin transcript was observed. anti-Fasciclin II antibodies. The six longitudinal tracks of the ventral
(B±D) Confocal images show wild-type larval neuromuscular junc- cord in the CNS and the segmental and intersegmental nerves are
tions (type I) (Johansen et al., 1989) stained with antibodies against indistinguishable from wild type.
Drosophila a-adaptin ([B]; anti-aAda) and anti-horseraddish peroxi- (B) Lateral view indicating that the transversal nerve (TN), interseg-
dase ([C]; anti-hrp), and the superimposed image of both (D). Anti- mental nerve (ISN), the different branches of the segmental nerve
hrp antibodies recognize a membrane and cytoskeleton-associated (SNa, SNc, and SNd), as well as the axons of the RP1, RP3, RP4, and
b subunit of the Na1/K1-ATPase (Sun and Salvaterra, 1995; van de RP5 motoneurons (SNb branch innervating the ventral longitudinal
Goor et al., 1995), which is localized at the membrane of both the muscles 6, 7, 12, and 13) are intact (for details on the muscle and
axons (arrowheads) and the presynaptic terminals (arrows). a-adaptin innervation patterns in wild type, see Goodman and Doe, 1993).
is restricted to the presynaptic terminal (arrow in [B] and [D]). (C) Ventral view of a stage 17 D-aAda3 mutant embryo stained with
(E) Confocal images of wild-type larval neuromuscular junction(Type anti-repo antibodies showing that the pattern of glial cells in the
II) (Johansen et al., 1989) stained with anti-aAda (green) and anti- ventral cord is normal (for details of glial patterns, see Halter et al.,
hrp (red) antibodies. Anti-aAda and anti-hrp colocalize at the small 1995).
presynaptic boutons (arrow; yellow), while anti-aAda is absent from
the interconnecting axons (arrowhead; red).
(F) High magnification confocal image of a larval neuromuscular effects in homozygous D-aAda3 mutant embryos. We
junction (type I) stained with anti-aAda. Fluorescence is associated instead examined the synaptic ultrastructure in the late
with the presynaptic membrane. CNS neuropile of wild-type and a-adaptin-deficient em-
bryos. The mutant synapses were found to be depleted
of vesicles and to lack vesicular structures, such asboutons of D-aAda mutant occur at normal rates as
compared to wild-type motoneurons. At the presynaptic coated or collared pits at the plasma membrane. In-
stead, the membrane surfaces contained deep folds notboutons of wild-type motoneurons, the fluorescent dye
was retained after short FM1-43 labeling pulses (5 s) seen in wild type (Figures 5E and 5F). These findings
indicate that vesicle recycling is blocked at the initialand subsequent washes (Figure 5A). This indicates that
FM1-43 was internalized normally by endocytosis. No stage of endocytosis, i.e., the formation of clathrin-
coated pits. This results in a fusion of the vesicle com-corresponding FM1-43 staining was found in the presyn-
aptic boutons of D-aAda1 mutant neuromuscular junc- partment with the plasma membrane, which causes an
expanded surface of the plasma membrane.tions (Figure 5C), indicating that the dye could not be
internalized after the short labeling pulse. Expanded
loading pulses (60 s), however, resulted in extensively Localization of a-Adaptin at Presynaptic Terminals
We asked next whether a-adaptin localizes to the sitesstained boutons in both wild-type and mutant neuro-
muscular junctions (Figures 5B and 5D). This observa- of endocytosis in the presynaptic terminals of motoneu-
rons. For this, we monitored the subcellular localizationtion indicates that endocytosis in the weak D-aAda1
mutants is impaired, but not blocked. of a-adaptin by high resolution confocal microscopy
using the distribution of known vesicle components,Owing to the small size of the embryonic neuromuscu-
lar junctions, the FM1-43 assay is not applicable to em- such as dynamin, synaptotagmin, and CSP, as reference
for the a-adaptin patterns in wild-type and shi mutantbryos. We could therefore not analyze corresponding
Role of a-Adaptin
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Figure 6. Subcellular Localization of a-Adaptin and Dynamin
(A) Confocal image of a neuromuscular junction (type I) of wild-
type larvae stained with anti-a-adaptin antibodies. a-adaptin is not
homogeneously distributed throughout the presynaptic membrane
but forms a network-like structure that leaves a-adaptin-free islands
(about 0.5 mm in diameter) at the membrane.
Figure 5. D-aAdaptin Mutations Impair the Formation of Endocy-
(B±D) Confocal images of a neuromuscular junction (type I) of wild-totic Synaptic Vesicles
type larvae stained with anti-Drosophila a-adaptin ([B]; green) and
(A±D) FM1-43 assay applied to wild-type and D-aAda1 mutant pre- anti-dynamin ([C]; red) antibodies, and the superimposed images
synaptic terminals. (A and B) Wild-type presynaptic terminals at the (D). Note in the highly magnified inset a pattern of higher intensities
larval neuromuscular junction after 5 s (A) and 60 s (B) FM1-43 of dynamin staining corresponding to the pattern of a-adaptin stain-
loading pulses. (C and D) D-aAda1 presynaptic terminals at the larval ing and lower intensities of dynamin staining covering the a-adaptin-
neuromuscular junction after 5 s (C) and 60 s (D) loading pulses. free islands. In order to visualize the a-adaptin pattern at the plasma
The 5 s FM1-43 pulse is sufficient to load the wild-type but not the membrane, tangential sections of the presynaptic terminal at the
mutant presynaptic terminals, while the presynaptic boutons of both side facing the muscle were selected. For the pattern in a nontan-
are labeled after the 60 s loading pulse. Thus, vesicle formation is gential section, see Figure 3F.
not blocked in the mutant but is impaired. This is consistent with
the finding that D-aAda1 is not a lack-of-function allele (see text).
(E and F) Ultrastructure of a presynaptic terminal in the CNS neuro-
In the shi mutant synapses, the network-like patternpile of wild type (E) and homozygous D-aAda3 mutant embryos (F).
Note vesicles in the synaptic boutons of wild-type embryos that are of a-adaptin is not altered as compared to wild type
absent in the mutant and also the deep folds of the presynaptic (Figures 7A, 7D, and 7G). Synaptotagmin and CSP are
membrane of the mutant (arrowheads in [F]). The example shown associated with the plasmalemma, where they remain
represents 1 out of more than 40 boutons of 6 different D-aAda3
homogeneously distributed (Figures 7D±7I; see also Es-mutant neuropiles, all showing the characteristics outlined in (F).
tes et al., 1996). Dynamin is also associated with thedb stands for dense body; mt, mitochondria; m, microtubules; sv,
plasmalemma, but its distribution differs from synapto-synaptic vesicles. Scale bars 5 0.1 mm.
tagmin and CSP (Estes et al., 1996). Dynamin is depleted
from the a-adaptin-free zones and, instead, becomessynapses (Littleton et al., 1993; Ramaswami et al., 1994;
restricted to a pattern identical to a-adaptin (FiguresZinsmaier et al., 1994; Estes et al., 1996). The shi mutant
7A±7C). Insummary, these resultsestablish that a-adaptinaffects the GTPase function of dynamin. Thus, in con-
is confined to centers at the presynaptic membrane,trast to the a-Ada mutant, this allows endocytosis to be
where endocytosis occurs. In addition, the data suggestinitiated normally, but vesicle fission does not occur,
that a-adaptin functions upstream of dynamin. This pro-i.e., the formation of clathrin-coated vesicles is blocked
posal is based on two observations: (i) a-Ada mutations(Koenig et al., 1983; Kosaka and Ikeda, 1983a, 1983b;
block endocytosis at an earlier stage than dynamin mu-Koenig and Ikeda, 1989; Ramaswami et al., 1994).
tations do, and (ii) the distribution of a-adaptin remainsIn wild type, synaptotagmin and CSP are distributed
unchanged in shi mutant synapses. Furthermore, thebetween the pools of vesicles in the cytoplasm and at
restriction of dynamin to the pattern of a-adaptin sug-the plasmalemma (Estes et al., 1996). We confirmed
gests that a-adaptin is necessary for the recruitment ofthe homogeneous distribution of CSP at the plasma
dynamin. The results are therefore consistent with themembrane (data not shown). In contrast, a-adaptin
argument that the recently shown in vitro associationforms a dense network-like structure at the plasma
of dynamin and a-adaptin is indeed functional (Wang etmembrane with a-adaptin-free islands in between (Fig-
al., 1995).ures 6A and 6B). We also noted that although dynamin
is distributed throughout the surface of the presynaptic
Genetic Interactions between a-Adaptinmembrane, its distribution is not homogeneous but
and Dynamin Activitiesshows areas of enrichment in a network-like pattern
In order to elucidate this aspect of a-adaptin function,corresponding to the distribution of a-adaptin (Figures
we studied the possible interaction between the two6C and 6D). Double-staining experiments involving anti-
proteins by genetic means, generating D-aAda3 and shibodies directed against Drosophila a-adaptin (Figure
double-mutants. shits2 is a temperature-sensitive allele6B) and dynamin (Figure 6C) indicate that dynamin is in
of the X-chromosomal shi locus (Grigliatti et al., 1973).fact distributed throughout the plasmalemma but exerts
At 258C, a permissive temperature, hemizygous shits2an underlying pattern of higher intensities correspond-
ing to the a-adaptin pattern (Figure 6D). males develop and behave normally. At the restrictive
Cell
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Figure 7. Dynamin Is Recruited to Prelocal-
ized a-Adaptin
(A±C) Tangential confocal images of shits2 pre-
synaptic terminals (type I) of larvae, showing
the patterns of a-adaptin ([A]; aAda, green),
dynamin ([B]; Dyn, red), or both (C). In the
shits2 mutant presynaptic terminals, dynamin
colocalizes with a-adaptin and disappears
from the a-adaptin-free islands.
(D±I) Corresponding images showing the dis-
tribution of a-adaptin ([D]; aAda, green), syn-
aptotagmin ([E]; Syt, red), or both (F), and
the patterns of a-adaptin ([G], aAda, green),
cystein string protein ([H]; CSP, red), or both (I).
The networklike structure of a-adaptin is not
affected in the shits2 mutant presynaptic ter-
minal, while synaptotagmin and CSP become
restricted to the membrane (arrowhead in [E]),
where they are homogeneously distributed as previously described (Littleton et al., 1993; Ramaswami et al., 1994; Zinsmaier et al., 1994;
Estes et al., 1996). Note that the patterns of dynamin in wild-type and shits2 mutants are identical at the permissive temperature of 188C, and
that the redistribution at the nonpermissive temperature involves a mutant dynamin protein. Data were obtained from stimulated synapses
maintained at nonpermissive temperatures.
temperature (298C), however, such males become para- a-Adaptin-Dependent Vesicle Formation
In vitro studies have shown that a-adaptin triggers thelyzed, and uncoordinated movements can be occasion-
formation of a clathrin lattice that turns into empty coatally observed. shits2;D-aAda3/1 males are indistinguish-
structures (Zaremba and Keen, 1983; Heuser and Keen,able from wild type when kept at 188C. At 258C, however,
1988; Mahaffey et al., 1990). This finding, and the posi-a temperature permissive for both hemizygous shits2
tion of AP2 between the clathrin lattice and the vesiclemales and heterozygous D-aAda3 males, shits2;D-aAda3/1
membrane, are consistent with the proposal that themales can neither fly nor walk, and they show sporadic
formation of coated vesicles is initiated by an a-adaptin-and uncoordinated movements. This observation dem-
dependent recruitment of clathrin to the membrane (foronstrates a synergistic effect between a-adaptin and
a review, see Pearse and Crowther, 1991). The lack ofdynamin mutants, indicating that the two wild-type gene
vesicles and the corresponding increase of the pre-activities interact in vivo. This result and the coinciding
synaptic plasma membrane in the mutant establish thatpatterns of a-adaptin and dynamin in shi mutants sug-
a-adaptin is indeed required for the formation ofgest that a-adaptin-dependent formation of clathrin-
clathrin-coated pits. The resulting lack of membranecoated pits and the dynamin-dependent internalization
recycling causes an increase of the membrane surface,of vesicles are linked through the dual function of
indicating that the pool of vesicle membranes is fuseda-Adaptin in endocytosis.
with the presynaptic plasma membrane of the a-Ada
mutant.
Discussion At the presynaptic terminal, vesicles dock and fuse
to release neurotransmitters by exocytosis (SuÈ dhof,
Rapid synaptic transmission in the nervous system 1995). In Drosophila, active zones of transmitter release
takes advantage of the general property of cells to recy- at the plasma membrane were shown as a discrete elec-
cle the membrane by endocytosis (Heuser and Reese, tron-dense structure, the so-called dense bodies (Koe-
1973; Maycox et al., 1992). Consistently, vertebrate nig and Ikeda, 1989). At the neuromuscular junctions,
a-adaptins have been found to be expressed ubiqui- such active zones were found in patterns of interspersed
tously, with the exception of an a-adaptin-A isoform that islands (Atwood et al., 1993). The restricted network-
is specifically enriched in neural cells (Ball et al., 1995). like structure of a-adaptin in both wild-type and shi
Likewise, Drosophila dynamin, which is required during mutant presynaptic terminals, where vesicles formation
synaptic transmission (Koenig et al., 1983), is ubiqui- is blocked at the collared pit stage, leaves such islands
tously expressed and required (Poodry et al., 1973; Chen void of a-adaptin. This observation suggests that
et al., 1992). Our results provide evidence for a Drosoph- a-adaptin defines regions within the presynaptic mem-
ila a-adaptin that is essential for recycling of synaptic brane that are complementary to the distribution of ac-
vesicles. The highly restricted expression patterns of tive zones. If this inference is correct, it would imply that
the Drosophila a-adaptin, as visualized by both tran- exocytosis and endocytosis events occur in different
script and protein detection, and the specific defects in locations at the presynaptic membrane.
the mutants exclude a general role for this a-adaptin for The compositions of the plasma membrane and the
endocytosis in all cells. Also, the mutant defect indicates synaptic vesicle membranes are different (von Wedel et
that the lack of D-aAdaptin activity in the nervous sys- al., 1981; Torri Tarelli et al., 1990; Valtorta et al., 1990).
tem cannot be compensated for by a redundant action This supports the argument that the membranes of exo-
of other members of the a-adaptin family, which must cytotic vesicles never fuse completely with the plasma
exist in the Drosophila genome to function in endocyto- membrane and instead open up at the fusion site to
release the transmitter, closing immediately thereaftersis outside of the nervous system.
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(Ceccarelli et al., 1973). Such a mechanism implies that at an earlier step of endocytosis than dynamin (as indi-
cated by their respective mutant phenotypes), and sinceactive zones of exocytosis and the site of vesicle recy-
cling would coincide (Ceccarelli et al., 1979). However, the subcellular localization of a-adaptin is not affected
in shi mutants. These findings indicate a molecular linkmost recent ultrastructural analysis of shi mutant synap-
tic terminals provides evidence for two distinct path- between the formation of clathrin-coated pits and the
detachment of coated vesicles, coordinating two con-ways for vesicle re-formation (Koenig and Ikeda, 1996).
One pathway emanates from the active zone of exo- secutive steps of the process of endocytosis.
cytosis and has a fast time course. It involves small
clusters of vesicles that are observed at the active The Vesicle Cycle: Control by Limiting Factors?
zones. The formation of these vesicles does not include The a-adaptin mutant phenotype indicates that the lack
intermediate structures, such as coated pits, coated of vesicle formation affects not only physiological as-
vesicles, or cisternae, and might be accomplished by a pects of synapse function butalso causes a correspond-
direct pinch-off at the plasma membrane. The second ing increase of the plasma membrane complement. This
pathway emanates from sites away from the active suggests that membrane fractions present in the vesicle
zones and results in the re-formation of the rest of the and plasma membrane compartments, and their rapid
vesicle population throughout the terminal. It has a exchange by exocytosis/endocytosis events, are regu-
slower time course and involves coated collared pits. lated to maintain the surface area of the synapse and
The distinct staining pattern of a-adaptin, in a net- the pool of available synaptic vesicles. This control obvi-
work-like array, suggests that a-adaptin acts preferen- ously does not involve exocytosis, since it proceeds to
tially, if not exclusively, in the second pathway involving cause an expansion of the membrane surface in the
coated vesicles outside the active zones. Furthermore, a-adaptin mutant synapses. Neither is vesicle internal-
the lack of vesicles and a corresponding expansion of ization the controlling step, because in the dynamin
the plasma membrane in a-adaptin-deficient embryos mutant shi, the membrane can be processed into
are consistent with a recycling mechanism that builds clathrin-coated pits that remain attached to the plasma
upon a complete fusion between the vesicle and plasma membrane. Furthermore, collared coated pits are rarely
membrane compartments during exocytosis, and the observed in wild type, suggesting that they represent a
re-formation of vesicle membranes at separate centers very transient intermediate, and, therefore, that vesicle
of endocytosis. internalization by dynamin is not a limiting step.
One can envision a scenario where the recruitment of
the AP2 complex to the plasma membrane is a rate-
a-Adaptin and Dynamin Interactions
limiting step, which in turn could be controlled by mem-
Dynamin, originally identified as a microtubule-binding
brane-associated AP2 receptors that are released from
protein (Shpetner and Vallee, 1989), has been shown to
exocytotic vesicles. Such a molecular link between exo-
have GTPase activity in vitro, containing three GTP-
cytosis and endocytosis events would guarantee exo-
binding consensus motifs. Introducing mutations that
cytosis-dependent membrane retrieval, as suggested
interfere with GTP binding was found to have no effect
by the temporal link of exocytosis and endocytosis (von
on microtubules in transfected cells, but endocytosis
Gersdorff et al., 1994; Betz and Wu, 1995; Smith and
was blocked (Herskovits et al., 1993; van der Bliek et
Betz, 1996) and by the recently shown invitro interaction
al., 1993). In shi mutants, the clathrin-coated pits are
between AP2 and synaptotagmin (Zhang et al., 1994).
normally formed at the plasma membrane but fail to
Our results show, however, that synaptotagmin does
pinch off the membrane (Koenig et al., 1983; Kosaka
not colocalize with a-adaptin in shi mutants. This sug-
and Ikeda, 1983a, 1983b; Koenig and Ikeda, 1989). In
gests that the role of synaptotagmin and AP2 associa-
contrast, the coated pits fail to form in the membrane
tion (Zhang et al., 1994) is more likely to serve the recy-
of a-Ada mutants. These observations formally argue
cling of synaptotagmin from the membrane, returning it
that a-adaptin and dynamin act in two distinct steps
to the cytoplasmic pool of synaptic vesicles to take part
during vesicle recycling, and they are not consistent
in the subsequent exocytosis event (Brose et al., 1992;
with the proposed direct interaction between AP2 and
SuÈ dhof, 1995). Alternatively, synaptotagmin could bedynamin as revealed by in vitro studies (Wang et al.,
one of several functionally redundant receptors to an-
1995). However, the increased temperature sensitivity
chor the AP2 complex to the membrane to initiate a new
of the shi mutation caused by the lack of one functional
vesicle cycle.
copy of the a-adaptin gene strongly suggests that the
two molecules act in linked processes, and, therefore,
Experimental Proceduresthat a-adaptin is also required for the dynamin-depen-
dent internalization of the vesicles. This finding, together
Molecular Analysis and Mutant Strains
with the subcellular localization of a-adaptin in wild type Plasmid rescue, lzap cDNA library screening (0- to 18-hr-old em-
and the colocalization of a-adaptin and dynamin in shi bryo), in situ hybridization of DNA probes to polytene salivary gland
chromosomes, preparation of genomic and recombinant DNA,mutant synapses, is therefore consistent with a function
Southern and Northern analyses, and sequencing of both the cDNAof the a-adaptin-containing AP2 complex in recruiting
and corresponding fractions of the genomic DNA from the rescuedthe GTPase dynamin to the assembled clathrin-coated
fragment were performed as described (Frommer et al., 1996). Se-pits (Wang et al., 1995). The genetic interaction shown
quence comparison analysis was performed according to the J.
here also indicates that a-adaptin directly or indirectly Hein method using Megalign/DNASTAR software. D-aAda1 is the
interacts with dynamin. This strongly suggests that original P element enhancer trap line l(2)06694 (Karpen and
Spradling, 1992; Spradling et al., 1995); D-aAda2 and D-aAda3 werea-adaptin functions upstream of dynamin, since it acts
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